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Introduction

36
Long-term environmental regimes, interspersed with anomalous disturbance events, play 37 a crucial role in determining both the rate and path of ecological succession (Odum 1969, 38 Connell and Slatyer 1977, Sousa 1984) . When disturbances are rare, competitive exclusion 39 results in mature climax communities and the system can approach relative stability (Pianka 40 1970, Margalef 1975 , Stearns 1977 , Hughes and Connell 1999 . In contrast, when disturbance 41 events are frequent or the system experiences continually harsh environmental conditions, the 42 abundance of stress-tolerant species with weedy life history strategies can increase, leading to 43 3 seemingly stochastic fluctuations of community structure (Stearns 1977 , Sousa 1984 and Connell 1999, Reznick et al. 2002) . Across gradients in environmental regimes, therefore, 45 biological communities often change in discernable (and predictable) ways; adult survivorship 46 and community composition are often strongly coupled with and reflective of their surrounding 47 physical environment (Margalef 1975 , Stearns 1977 , Sousa 1984 .
48
Superimposed over these naturally coupled biophysical relationships are the effects of 49 human activities. Humans can act to homogenize and simplify ecosystems (Odum 1969, Western 50 2001, Riegl et al. 2012 ), artificially favoring stress-tolerant species (Darling et al. 2013 ) and 51 forcing the system into an earlier successional state (Schulte et al. 2007 , Sandin and Sala 2012).
52
Under chronic anthropogenic stress, the community becomes a product of human-induced Borneo rainforest, human activities have shifted climax forest communities to expanses of early 57 successional plant communities fragmented by low diversity monoculture (Curran et al. 2004) .
58
Under such human-induced change, wildfires associated with El Niño events, instead of being a 59 key natural driver of regenerative processes and ecological succession in the forests, are actually 60 detrimental to ecological succession. The natural biophysical relationships that once existed have 61 become decoupled and novel feedbacks have established (Curran et al. 2004 , Folke et al. 2011 ).
62
Separating the independent and interacting relationships between naturally coupled biophysical 63 relationships versus those established or modified by local human impacts, however, remains 64 hard to test in many ecological systems. Human-induced change is so ubiquitous that unaltered 65 communities, ones that provide replication at the intact end of an intact-to-degraded spectrum, 
87
Here we use 39 Pacific coral reef islands and atolls (hereafter referred to as islands) in a 88 macroecological setting to test the hypothesis that local human impacts are capable of 89 decoupling natural biophysical relationships in the marine environment. These islands span 45° 90 of latitude and 65° of longitude, crossing multiple gradients in physical environmental drivers 91 (Gove et al. 2013 ) and human population density (Williams et al. 2011 ). We quantify changes in 92 the percent cover of three major benthic groups (hard coral, crustose coralline algae, and 93 macroalgae) to ask two questions: 1) Given the absence of local human populations (and thus 94 direct local human impacts), under which set of physical environmental drivers do individual and 2) Do we see evidence for human-induced decoupling of these natural relationships?
97
Methods
98
Study regions
99
Benthic surveys were conducted as part of the Coral Reef Ecosystem Division (CRED) of Table A1 .
125
Predictor variables
126
We quantified four major physical environmental drivers known to structure coral reef 127 benthic communities: sea surface temperature (SST), irradiance, wave energy, and chlorophyll-a Table A2 .
144
Statistical modeling
145
We constructed a series of models to test our questions: 1) a best-fit model across 146 unpopulated islands -to quantify "natural" biophysical relationships in the absence of local 147 human impacts, 2) the unpopulated island best-fit model structure fitted anew to populated To build each of the models we used generalized additive mixed-effects models 156 (GAMM) (Wood 2012 ). We incorporated a random factor (island groups) to account for possible 157 spatial autocorrelation between islands. Groupings were identified using hierarchical clustering 158 based on pairwise Euclidean distances between each of our 39 islands and an inflection point in 159 the intra-island group variance identified (n = 12 groups total, see Supplementary material 160 Appendix 2 for more details on these methods). GAMMs were fitted using the gamm4 and lme4 
Results
181
Spatial variation in benthic cover
182
Across our study system, mean percent cover of hard coral equaled 18.8 % (upper CI 183 =15.7, lower CI = 22.1), crustose coralline algae 12.5 % (9.6, 15.8), and macroalgae 15.0 % 184 (12.1, 18.1), but there was considerable variation across a variety of hierarchical scales (Fig. 2) .
185
In summary, hard coral cover was higher at unpopulated islands (22.5 %) than at populated ones 186 (12.9 %) (see Fig. 2 for associated CIs). Across regions, hard coral cover was highest in the (Fig. 2) .
191
The overall mean percent cover of crustose coralline algae (CCA) did not differ with 192 island status (unpopulated versus populated islands) (Fig. 2) . Across regions, CCA cover was Similarly, the overall mean percent cover of macroalgae did not differ with island status or 197 across regions (Fig. 2) ; however, macroalgae cover was higher at unpopulated (23.4 %) than (Fig. 3a) . Within our confidence set of models, hard coral cover was also higher at 209 unpopulated islands where mean wave energy was lower (< 25 kW m -1 ) and where wave 210 anomalies were rare (< 2 % of the time); however, these predictors had low relative importance 211 scores (Table 1 , Supplementary material Appendix 1, Fig. A2 ).
212
The unpopulated island best-fit model structure performed poorly when fitted anew to 213 populated islands, explaining only 14.7 % of the variation in hard coral cover (Table 1) ; p > 0.05 214 for all the smooth terms (Fig. 3b) . The addition of human population density as a predictor across 215 populated islands did not improve model performance (Table 1 ) and no significant relationship 216 was seen with hard coral cover (Fig. 3c) . The populated islands best-fit model identified mean 217 irradiance as the strongest predictor, explaining 25.7 % of the variation in hard coral cover 218 (Table 1) . Hard coral cover was generally higher at populated islands experiencing a lower mean ); above this value the relationship appeared to level off but was 220 associated with increased error (Fig. 3d ). This single model had strong relative plausibility, as
221
shown by the high Akaike weight ( where wave anomaly events were of a low magnitude (< 20 kW m -1 above the maximum 232 climatological value); however, these predictors had low overall relative importance scores
233
(Supplementary material Appendix 1, Fig. A3 ).
234
The unpopulated island best-fit model structure performed poorly when fitted anew to 235 populated islands, explaining only 11.7 % of the variation in CCA cover (Table 1) . The above the maximum climatological value); however, this relationship was associated with 240 increased error in the smooth term at very high magnitudes (Fig. 4b) . The addition of human 241 population density as a predictor improved model performance across populated islands and 242 suggested an increase in CCA cover at lower population densities; however, the relationship was 243 weak (Fig. 4c ) and increased the overall variation explained by only 6.9 % ( Table A4 ).
252
Macroalgae: Across unpopulated islands, the frequency of chlorophyll-a anomalies
253
formed the best-fit model, explaining 61.2 % of the variation in macroalgae cover (Table 1) .
254
Macroalgae cover was higher at unpopulated islands experiencing lower frequencies of 255 chlorophyll-a anomalies (< 1 % of the time) (Fig. 5a ). Within our confidence set of models,
256
relationships with mean SST and the frequency of wave anomalies also featured (Table 1) , with 257 macroalgae cover higher at unpopulated islands experiencing a lower mean SST (< 23.5 °C) and 
260
The unpopulated island best-fit model structure performed poorly when fitted anew to 261 populated islands, explaining only 18.1 % of the variation in macroalgae cover (Table 1 ). The 262 overall negative effect of increasing chlorophyll-a anomaly frequencies on macroalgae cover still 263 held at populated islands, but was associated with increased error in the relationship (Fig. 5b) .
264
Variations in human population density across populated islands had no significant effect on 265 model performance (Table 1) and showed no significant relationship with macroalgae cover (Fig.   266 5c). The populated islands best-fit model for macroalgae identified mean wave energy as the 267 strongest predictor, explaining 87.7 % of the variation in macroalgae cover (Table 1) . decoupling (Fig. 6 ). To our knowledge, our study is among the first to take a macroecological 
317
Across populated islands, all the natural biophysical relationships identified from 318 unpopulated islands decoupled, lost explanatory power, or became fundamentally altered in the 319 direction of their relationship (Fig. 6) . Hard coral cover no longer showed a significant 320 relationship with either mean temperature or mean chlorophyll-a and the relationship between
321
CCA cover and the frequency and magnitude of chlorophyll-a anomalies decoupled and 322 reversed, respectively. On occasion, novel biophysical relationships even appeared to develop.
323
For example, hard coral cover across populated islands decreased as mean irradiance increased,
324
perhaps reflecting a stress-reinforcing factor reducing the persistence of corals in an already (Table A1) . 
